Synthesis and characterization of the aluminum phosphates modifi ed with ammonium, calcium and molybdenum were conducted. The infl uence of process parameters (reactive pressure and molar ratios) in the reaction mixture were studied. The contents of the individual components in the products were in the range of: 10.97-17.31 wt% Al, 2.65-13.32 wt% Ca, 0.70-3.11 wt% Mo, 4.36-8.38 wt% NH 3 , and 35.12-50.54 wt% P 2 O 5 . The materials obtained in the experiments were characterized by various physicochemical parameters. The absorption oil number was in the range from 67 to 89 of oil/100 g of product, the surface area was within the range of 4-76 m 2 /g, whereas the average particle size of products reached 282-370 nm. The Tafel tests revealed comparable anticorrosive properties of aluminum phosphates modifi ed with ammonium, calcium, molybdenum in comparison with commercial phosphate.
INTRODUCTION
The aim of pigment mixture development is to enhance the anticorrosion effi ciency of non-toxic pigments and shift their effi ciency closer to the old, toxic (but very effi cient) chromate and lead pigments. Such development is necessary to meet tough environmental norms that are steadily becoming stricter 1, 2, 3 . The latest EU legislation on organic coatings took effect in 2010 and was aimed at reducing volatile organic compounds in paint systems 2 . Literature reports seem to suggest that the anticorrosion properties of pigments are affected not only by their chemical composition, but also by other factors, including their particle size, oil number, specifi c surface area and water solubility 4, 5, 6 . Changes in the structure and chemical composition of various materials can be obtained by using different process parameters in their preparation (e.g. substrate molar ratio, the pH of a reaction mixture, reaction time, pressure, temperature) or with microwave radiation 7, 8, 9 . Microwave is an energy source which has found its applications in many scientific research areas. Microwave radiation has shown its capability for fast preparation of size controlled metallic nanostructures on different substrates 10, 11 . Microwave technique attracts more interest because it can generate heat internally inside the sample so the heat can be transferred homogeneously and rapidly. The microwave technique requires far less energy than resistive heating and is less polluting than gas or oil fi red heaters and is therefore more environmentally friendly 12 . Moreover, rapid initial heating of the microwave can enhance the kinetics of the reaction due to the formation of high temperature throughout the sample 13 . The aim of the presented work was to elaborate the preparation process of aluminum phosphates modifi ed with ammonium, calcium and molybdenum by hydrothermal method. Their steel corrosion inhibition effi ciency was investigated by means of the potentiodynamic polarization technique. The infl uence of preparation process parameters on several physicochemical properties of the products such as chemical composition, oil absorption and specifi c surface area was determined. Based on the Tafel test results the corrosion potential, corrosion current density and corrosion rate for steel immersed in a phosphate extract in an aqueous NaCl solution were calculated and presented.
EXPERIMENTAL

Procedure
Studies on the synthesis of aluminum phosphates modifi ed with ammonium, calcium and molybdenum were performed on the basis of the experimental planning and analysis according to a three-level 3 (k-p) fractional factorial designs with 9 experiments using the hydrothermal method. The process independent variables were: x 1 -the pressure (1.1 ± 1 MPa), x 2 -the molar ratio of Ca 2+ to PO 4 3-in the substrates 0.2 ± 0.13 : 1 corresponding to the molar ratios of Al 3+ to Ca 2+ to Mo 6+ to PO 4 3-in the reaction mixture (0.67 : 0.2 ± 0.13 : 0.2 ± 0.13 : 1).
The aim of the study was to obtain products with the molar ratio of (NH 4 ) 3 Al 2 (PO 4 ) 3 to CaMoO 4 varying in the range of 1 : (0.6 ± 0.4). Therefore, to obtain a product with the molar ratio of (NH 4 ) 3 Al 2 (PO 4 ) 3 to CaMoO 4 equalling 1 : 1, the reactor had to be feed with substrates in the molar ratios corresponding to those in the following reactions: 14Al(OH) 3 5 ), oil absorption number (y 6 ), specifi c surface area S BET (y 7 ), and average particle size (y 8 ).
The aim of the performed experiments according to the established plan was to determine the fractional design at 3 levels of the important factors affecting the investigated parameters and to fi nd the right input values enabling to obtain a product with the expected properties 14 . A factorial plan and the results obtained from experiments are summarized in Table 1 . Basing on the beginning studies it was take that the constant conditions process were equal to: pH of the reaction was 6 and time reaction was allowed 20 minutes. The total salt concentration amounted to 40 wt%. The constant process parameters were: pH of the reaction equal to 6 and the total salt concentration amounted to 40 wt%. A suspension of amorphous aluminum hydroxide and calcium carbonate was dosed into an ammonium molybdate and ammonium phosphates solution at a constant stirring velocity. The suspension of reactants with an appropriate pH was prepared in a glass reactor and the mixture was transferred into the microwave reactor and treated at a pressure of 1.1 ±1 MPa (microwave reactor type ERTEC Magnum, output 750 W at a frequency of 2.45 GHz, Ertec Poland), for 20 min. The obtained precipitate was separated from the mother liquor using a vacuous fi lter, followed by triple washing with distilled water (the weight ratio of the liquid to the solid phase was 3 : 1). Finally, the obtained product was dried for 3 h at 70°C.
Sample preparation
Anticorrosive properties of the modifi ed aluminum phosphate for cold rolled steel were investigated by means of the potentiodynamic polarization technique. For comparison purposes, two commercial anticorrosive pigments, i.e. zinc phosphate and zinc aluminum phosphate (FC-M2, FAC) were tested.
Sample characterization
The content of aluminum, calcium and molybdenum in the products was determined by ICP-AES analysis (Optima 5300 DV, Perkin Elmer). The phosphates and ammonium contents were determined using a spectrophotometric method 15 and ion selective electrode Orion 11-35 type, respectively 16 . The phase composition of the products was studied with X-ray diffraction analysis (CuK á radiation, X ' Pert PRO Philips diffractometer). The oil absorption (grams of oil required to form a homogeneous paste with 100 g of the tested dry pigment) was determined according to PN-EN ISO 787-5 standard 17 . The measurements of Brunauer-Emmett-Teller surface area (S BET ) of the materials were performed using Micrometrics Quadrasorb SI Quantachrome Instrument. N 2 adsorption/desorption measurements were carried out at liquid N 2 temperature. The average particle size of the materials was determined using a laser scanning microscope (VK-9700, Keyence, USA). The phosphate morphology was examined with a scanning electron microscope SU-70 (Hitachi, Japan). The chemical composition of the phosphates was determined using a scanning electron microscope with a cold fi eld emission (HITACHI SU8020, resolving power 1.3 nm), coupled with the energy dispersive X-ray analyzer (EDX -Thermo Scientifi c).
Tafel experiments in the range from -250 to 500 mV in relation to OCP (scan rate 0.25 mV s -1 ) for an uncoated steel substrate (SEA 1008/1010, Q-Panels, Q--Lab Europe, England) were performed using DC105 software and FAS2 femtostat (Gamry, USA). As a result, corrosion potential (E corr ), corrosion current density (i corr ) and corrosion rate (P) were determined using Echem Analyst software (Gamry). Steel polarization was carried out using electrolytes prepared by shaking a phosphate fi ller (2.5 g) with 100 g of 3.5 wt% NaCl aqueous solution for 2 h (i.e. twice for 1 h with a 22 h interval). Then, the suspension was centrifuged (4000 rpm, 10 min) and an aqueous extract was carefully decanted. The Tafel tests were made after 20 h of a glass cell fi lling with an electrolyte (aqueous NaCl solution or phosphate extract). The corrosion inhibition effi ciency (η, %) of phosphate extracts was calculated according to the following equation: (1) where i 0 and i are corrosion current densities registered for steel substrate immersed in a 3.5 wt% NaCl aqueous solution and the aqueous extract of phosphate fi ller, respectively. Figure 1 and Table 2 shows the phase composition of the precipitated products, which was determined : Ca 2+ 0.67 : 0.33), the content of CaMoO 4 in the products was the highest. However, the higher was the molar ratio of reagents containing aluminum and calcium, the higher was the content of (NH 4 ) 3 Al 2 (PO 4 ) 3 in the precipitated solid phases.
RESULTS AND DISCUSSION
The chemical composition of the obtained materials mainly depended on the substrate molar ration which determined the phase composition. Products with a higher molar ratio between (NH 4 ) 3 Al 2 (PO 4 ) 3 and CaMoO 4 contained more aluminum and ammonia and less calcium and molybdenum. Therefore, products in each group had similar chemical and phase compositions: I -AACMPH1-3, II -AACMPH4-6, III -AACMPH7-9. Similarly, products from different groups had different chemical and phase compositions (Tables 1 and 2 ). The precipitated products were in the range of: 10.97-17.31 wt% Al, 2.65-13.32 wt% Ca, 0.70-3.11 wt% Mo, 4.36-8.38 wt% NH 3 , and 35.12-50.54 wt% P 2 O 5 ( Table 1) .
A statistical analysis, focused on determining process parameters that had a signifi cant infl uence on the physicochemical properties of the obtained phosphates, was conducted to assess the effects of changes in input values y [1] [2] [3] [4] [5] [6] [7] [8] for the extremum input values x 1,2 . Pareto charts were drawn to illustrate the trends (Fig. 2) . To confi rm the assessment signifi cance of obtained effects, Anova analysis was performed ( Table 3) .
The molar ratio of Ca 2+ to PO 4 3-in substrates (x 2 ) was found to have a statistically signifi cant effect on aluminum content (y 1 ) in the products. Bearing in mind that (x2(L), effect-5.42) has a negative number (Table 3) , it was fair to think that a lower values of x 2 would result in the increase of the dependent variable y 1 .
Therefore, aluminum phosphates modifi ed with ammonium, calcium and molybdenum with a higher content of aluminum (the average content of 16.6 wt% Al) were to be precipitated from the reaction mixture with the Al 3+ : Ca 2+ : Mo 6+ : PO 4 3-molar ratio of 0.67 : 0.07 : 0.07 : 1. The molar ratio of reagents (x 2 ) was found to have the highest statistic effect on calcium content (y 2 ) in the products. The positive effect (x 2 (L), effect 10.13) of this infl uence seems to indicate the increase of y 2 values, starting from approximately 3 wt% Ca to about 13 wt% Ca along with the increase of x 2 from 0.07 : 1 to 0.33 : 1 ( Table 3) . The dependent variable y 3, denoting molybdenum content in the obtained phosphates, also depended on the molar ratio of Ca 2+ : PO 4 3-in the reaction mixture. The statistical analysis demonstrated the positive sign of the effect (x 2 (L), effect 2.03) which translated into the increase of molybdenum content in the products (from approximately 0.8 wt% to about 3 wt%) along with the increase of the independent variable ( Table 3) .
The content of ammonium groups (the dependent variable y 4 ) in the obtained products also depended on the Ca 2+ : PO 4 3-ratio in the reaction mixture (x 2 (L), effect -2.08). It was found that the less calcium (and at the same time molybdenum) was introduced into the reaction mixture, the higher was the content of nitrogen in the products. It increased from approximately 5 wt% NH 3 to about 7 wt% NH 3 .
It was demonstrated that another dependent variable y 6 , i.e. the content of phosphates in the products was affected only by the molar ratio of the substrates. Following the analysis of effect assessment (x 2 (L) -6.71), the highest content of phosphates in the obtained products was observed for the Ca 2+ : PO 4 3-molar ratio of 0.07 : 1 in the reaction mixture.
It was statistically demonstrated that the above discussed input variables correlated with the chemical composition of the products were not affected by the pressure of the process (0.1-2.1 MPa). The statistical analysis of the effect of independent variables (x 1 , x 2 ) on the dependent variables characterizing the morphology of materials demonstrated that the substrate molar ratio in the reaction mixture (x 2 (L) 9.67) and the pressure of the process (x 1 (L) -6.33) had a statistically signifi cant infl uence on their oil number (y 6 ). The lower the pressure and the higher the Ca 2+ :
PO 4 3-molar ratio, the higher oil number tended to be, characterizing the sorption properties of the products. Both of the input variables had no effect on the specifi c surface area and on the average particle size of the precipitated phosphates. Their specifi c surface area (y 7 ) and particle size (y 8 ) were in the range of 34-76 m 2 /g and 280-370 nm, respectively. The spatial graphs in Figure 2 show the effect of pressure and Ca 2+ : PO 4 3-ratio in the reaction mixture on the dependent variables y [1] [2] [3] [4] [5] [6] [7] [8] . The depicted areas can help to assess the infl uence of the above process parameters on the properties of precipitated phosphates. Based on that, a conclusion was drawn that only the substrate molar ratio affected the content of aluminum, calcium and molybdenum in the products, which is consistent with the results of the statistical analysis. The specifi c surface area was found to be slightly affected by the pressure of the process, which in the statistical assessment of the effects was described to have a negligible effect.
The shape of the surface presented in Figure 3 , depicting the effect of variables x 1 and x 2 on the oil number of the products, suggest the infl uence of both parameters with a maximum observed for the average pressure. The fi nding is consistent with the statistical analysis of (x 2 (L) 9.67; x 1 (L) -6.33; x 1 (Q) 6.83) effects. However, the interpretation of the shape in terms of the effect of the independent variables on the content of nitrogen Table 4 . Potentiodynamic polarization test result for steel immersed in extract of phosphate pigments in 3.5 wt% NaCl aqueous solution and phosphates and the particle size (y 4 , y 5 , and y 8 ) in the products, is anything but an easy task. The molar ratio of the substrates had a signifi cant effect on the fi rst two input variables. However, the shape of the surface seems to suggest the effect of the pressure of the process. The effect of variables x 1 and x 2 on the particle size of the precipitated phosphates was thought to be statistically insignifi cant. The surface analysis suggests that products with the biggest particle size can be obtained at the Ca 2+ : PO 4 3 molar ratio of 0.2 : 1 and maximum pressure values. of Ca 2+ and Mo 6+ ions in the substrates, the product particle size was bigger. The observed associations correlated with the content of the (NH 4 ) 3 Al 2 (PO 4 ) 3 crystalline phase, whose share was bigger at the lower Al 3+ : Ca 2+ : Mo 6+ : PO 4 3-reagent molar ratio of 0.67 : 0.07 : 0.07 : 1. The particles of products with the highest content of the crystalline phase had the biggest size, although the statistical assessment did not show any effect of the reagent molar ratio on the property.
The relationship between the chemical composition of the prepared aluminum phosphates modifi ed with ammonium, calcium and molybdenum and their corrosion inhibition effi ciency was investigated using the presented Tafel test results. Table 4 presents the results of corrosion inhibition effi ciency tests for different extracts. The results were compared with those of FC-M2 zinc phosphate and FAC aluminum-zinc phosphate (manufactured by Złoty Stok Antykorozja Sp. z o.o. in Złoty Stok, Poland).
Following the analysis of results, the corrosion of steel was concluded to proceed the slowest with AACMPH2 and 3 materials out of all the tested extracts of modifi ed aluminum phosphates, precipitated in a microwave reactor. The rates of corrosion for AACMPH2 and 3 were 0.0132 mm/year and 0.0168 mm/year, respectively. While comparing the obtained results with those of steel investigated in a NaCl aqueous solution, the corrosion inhibition effi ciency for phosphates obtained in the experiments was 48% and 34%, respectively. The effectiveness was close to that of commercial anti-corrosive pigments (FAC and FC-M2). The lowest corrosion inhibition effi ciency was determined for phosphates used in the experiments involving AACMPH1 and 4, which amounted to -25% and -29%, respectively. Corrosion was observed to proceed with the slowest rate in the phosphate extracts with the lowest Ca to Mo molar ratio and with a higher total amount of aluminum and ammonium moles per one mole of phosphates.
Sediments precipitated in Tafel tests (Table 5) were examined using XRD and SEM-EDX analysis. Unfortunately, the identifi cation of the crystalline phases in obtained powders was impossible due to their amorphous nature. The powders had different contents of aluminum, calcium, iron and phosphates. Molybdenum content was not determined. No correlation was found between the chemical properties of the extracted phosphates, the corrosion inhibition effi ciency examined in potentiodynamic tests and the chemical composition of corrosion products. Table 5 . EDX analysis of sediments precipitated during the electrochemical studies
CONCLUSIONS
Crystalline materials with varied content of nitrogen, aluminum, molybdenum, calcium, phosphorus and crystalline phases depending on process parameters were obtained using the hydrothermal method.
It was statistically demonstrated that the content of Al, Ca, Mo, N and P in the products was dependent on the variable x 2 , i.e. on the Al 3+ : Ca 2+ : Mo 6+ : PO 4 3-.
reagent molar ratio. The input variable x 1 (pressure) had no statistically signifi cant effect on the dependent variables y [1] [2] [3] [4] [5] . The input variables did not have any statistically signifi cant effect on either S BET specifi c surface area or the particle size of the obtained products. The pressure and the reagent molar ratio were shown to have a signifi cant effect on oil number. The highest corrosion inhibition effi ciency for the phosphates discussed above was 48% and 34%, respectively. The effi ciency was close to that of commercial anti-corrosive pigments (FAC and FC-M2) which were used for comparison purposes.
The statistical assessment of planned examinations enables a selection of process parameters conducive to obtaining aluminum phosphates modifi ed with ammonia, calcium and molybdenum with preset physicochemical properties.
